Introduction {#S1}
============

Ecdysteroids are one of the most important hormones in insects. They are recognized as essential regulators controlling molting, metamorphosis, and reproduction in insects. Since the isolation of ecdysone from silkworm pupae in 1954, ecdysteroid analogs called phytoecdysteroids were also discovered in plant species ([@B8]; [@B32]; [@B25]; [@B13]). Many plants contain a relatively high concentration of ecdysteroids (up to 3% of their dry weight) ([@B13]). Moreover, the major form of phytoecdysteroids in plants is 20-hydroxyecdysone (20E), which is also the most biologically active ecdysteroid in insects ([@B25]). Therefore, phytoecdysteroids are considered to be a defensive system to protect plants against phytophagous invertebrates ([@B1]; [@B30]). In this regard, phytoecdysteroids were indeed demonstrated to be antifeedants toward some insects, such as the dark-winged fungus gnat (*Bradysia impatiens*) and polyphagous Japanese beetle *Popillia japonica* ([@B36]; [@B18]). More importantly, phytoecdysteroids could execute direct toxicity to insects. Orally ingested low levels of phytoecdysteroids could disrupt normal development, reduce fecundity, or induce death of some lepidopteran insects, such as the sweet-potato whitefly *Bemisia tabaci* and the persea mite *Oligonychus perseae* ([@B21], [@B22]; [@B41]; [@B5], [@B6]; [@B31]). Consequently, phytoecdysteroids have been suggested to be a good candidate for pest management ([@B38]; [@B2]; [@B18]; [@B9]).

However, previous studies have reported that a number of pests, especially certain noctuid insects, showed high resistance to phytoecdysteroids. Some *Helicoverpa* species (*Helicoverpa virescens* and *Helicoverpa zea*) can tolerate high concentrations of 20E in their diet without any detrimental effects ([@B21]). [@B4], [@B7] also found that exogenous application of 20E could not affect the normal growth and development of *Spodoptera littoralis* and *Lacanobia oleracea* ([@B4]; [@B6]). Furthermore, in those noctuid insects, the high resistance is mainly due to the effective conversion of the ingested ecdysteroids into 22-long-chain-fatty-acyl esters in the gut ([@B23]; [@B35]; [@B47]; [@B7]). The ecdysteroid-22-acyl esters show over 100 times less activity than 20E ([@B46]). In noctuid insects, the conversion is considered to be an important pathway of detoxification of ingested exogenous ecdysteroids. This esterification process is mediated by ecdysteroid-22-*O*-acyltransferase, which biochemical characteristics have been described in previous studies ([@B45], [@B46]; [@B24]). However, the gene encoding ecdysteroid-22-*O*-acyltransferase is still unclear.

The cotton bollworm, *Helicoverpa armigera* (Lepidoptera: Noctuidae), is the most significant and impactful pest in agriculture. The pest is a typical polyphagous insect, which feeds on at least 180 plant species from \>30 families, causing serious crops damage and economic losses ([@B29]). The wide feeding spectrum of the cotton bollworm indicates that some efficient processes must be involved in detoxifying the plant-derived substances. Similar to other noctuid insects, the cotton bollworm can also show resistance to 20E through the ecdysteroids esterification pathway ([@B35]). In this study, we used the cotton bollworm as a model, and performed transcriptomic analysis to measure the effect of exogenous 20E on *H. armigera*. Thereafter, we identified and characterized the function of the genes involved in the ecdysteroids esterification pathway. The data shown in this study will help us to understand how insects adapt to and conquer the secondary metabolites of their host plants.

Materials and Methods {#S2}
=====================

Insects Culture {#S2.SS1}
---------------

Eggs of *H. armigera* and artificial diets were purchased from Keyun Bioinsecticide Research and Development Center of the Chinese Academy of Sciences Institute of Zoology (Henan, China). The larvae were reared on an artificial diet at 27°C under a 12/12-h light/dark photoperiod.

Insect Treatment {#S2.SS2}
----------------

The artificial diet was cut into small pieces of diet blocks (about 25 mg/block), and then the blocks were mixed with different amount of 20E (20 μg/block; 50 μg/block; Sigma-Aldrich, St. Louis, MO). The same size diet blocks with 20% ethanol were used as the control. For ingestion experiments, the day 1 larvae of the sixth instar cotton bollworm were firstly starved for 6 h to accelerate feeding rate, and then each larva was fed on one mixed diet block. All the larvae could completely eat the diet block within 1 h. Then the larva was transferred to a normal diet block (about 0.5 g/block). Larvae and feces were weighted at different time points after treatment. In addition, the remaining foods at each measured time point were also weighted, and then were replaced by a new known weight of an artificial diet block.

According to previous studies, we calculated some nutritional parameters to measure the effects of ingested 20E on larvae: weight gain, amount of ingested food, digestibility, efficiency of conversion of digested food (ECD), and efficiency of conversion of ingested food (ECI). The calculation formulas of those parameters are the same as in the previous study ([@B4]).

Dissection and Extraction {#S2.SS3}
-------------------------

For each time point, a hemolymph of each larva was collected by bleeding the proleg. Methanol was added to the hemolymph (100 μL) from the larva to a final volume of 1 mL. The feces and fat body dissected from each larva were extracted overnight with 2 mL of methanol. The supernatant was collected and evaporated. The dried samples were dissolved in ethanol and stored at −20°C.

Total RNA Isolation and RNA-seq {#S2.SS4}
-------------------------------

After 20E or 20% ethanol treatment at different time points, the midgut, head, fatbody, and epidermis were dissected on ice and immediately frozen and stored in liquid nitrogen, respectively. Every tissue sample was collected from five larvae. Previous studies have shown that the larval midgut was the main tissue to detoxify the exogenous 20E. Therefore, the midgut was collected at 3 h after hormone treatment to perform transcriptomic analysis.

All dissected tissues were grinded in liquid nitrogen to powders. Total RNA was extracted by the Ultrapure RNA kit (Beijing CoWin Biotech, Beijing, China) and treated with DNase I (Takara Bio, Shiga, Japan) to remove the genomic DNA contamination. The RNA was quantified by the UV spectrophotometer.

For transcriptome sequencing, the RNA samples were sent to the Biomarker Technologies Corporation (Beijing, China) for cDNA library construction and RNA-seq by Illumina HiSeq X Ten (Illumina, San Diego, CA, United States) with 125 bp paired-end reads according to the manufacturer's instructions. The raw data of RNA-seq has been submitted to NCBI (SRA accession: PRJNA588578).

Analyses on RNA-seq Data {#S2.SS5}
------------------------

The transcriptomic reads data were mapped to the *H. armigera* reference genome (GenBank assembly accession: [GCA_002156985.1](GCA_002156985.1)) using HISAT2 software and analyzed using StringTie ([@B33]). HTSEQ software was used to calculate read counts of each gene ([@B3]). The expression levels of genes were estimated using TBTools and normalized using the TPM (Transcripts per million; [@B10]). DEseq2 R package was performed to identify differently expressed genes (DEGs), and genes with Log2-fold-expression-change greater than 2, and corrected *P*-values less than 0.05 were considered to be differentially expressed ([@B28]).

Gene ontology term (GO)^[1](#footnote1){ref-type="fn"}^ annotations were assigned by Blast2GO software (b2g4pipe_v2.5; [@B14]). The KEGG (Kyoto Encyclopedia of Genes and Genomes) annotations were performed using Blastall software against the KEGG database^[2](#footnote2){ref-type="fn"}^ ([@B19]). KEGG and GO enrichment analyses of DEGs were performed on an online platform^[3](#footnote3){ref-type="fn"}^.

Real-Time PCR {#S2.SS6}
-------------

For each treatment shown above, 1 μg RNA was reverse transcribed to the first strand of cDNA by the EasyScript one-step gDNA removal and cDNA synthesis SuperMix kit (TransGen Biotech). The specific primers were designed and used in the quantitative real-time PCR analysis ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}). The quantitative real-time PCR was performed using a real-time PCR detection system (CFX96, Bio-Rad, Hercules, CA) with a QuantiNova SYBR Green PCR Kit (Qiagen). The PCR was carried out as follows: 2 min at 95°C, followed by 40 cycles of 5 s at 95°C and 15 s at 60°C. The cotton bollworm ribosomal protein L3 gene (GenBank ID no. XM_021328338) was used as the reference gene.

Eukaryotic Expression of the Candidate Genes {#S2.SS7}
--------------------------------------------

The cDNA of the candidate genes was cloned into the pMK33/pMtHy-based vector between the metallothionein promoter (pMT) and the SV40 polyadenylation. The constructed plasmid was confirmed by sequencing. Then the recombinant plasmids were transfected into a *Drosophila S2* cell line using an effectene transfection reagent (Qiagen). The transfected method was used according to the manufacturer's instructions. Twenty-four hours after transfection, a final concentration of 500 μM copper sulfate was added to induce the expression of the targeted genes for 18 h. Then the cells were homogenized in 50 mM Tris--HCl (pH 7.4) containing 1 mM EDTA. The protein was quantified using the BCA protein assay.

To examine whether the gene was expressed, western blotting analysis was performed. The Flag antibody (at a dilution of 1:5000; Beyotime, Shanghai, China) was used to detect the recombinant protein. The procedure of the western blotting was described previously ([@B39]).

The DNA sequences of candidate genes obtained in this study were deposited in GenBank (Genbank ID, SATF: MN688744; Cyp6B2: MN688745; Long-FACL: MN688746).

Enzyme Assay, Ecdysteroid Extraction, and High Performance Liquid Chromatography Analysis {#S2.SS8}
-----------------------------------------------------------------------------------------

To measure the enzyme activity, 500 μL reaction, containing 0.1 mg crude recombinant enzyme solution, 100 μg 20E, 0.06 mM oleoyl-CoA which served as acyl-group donor, and 10 mM phosphate buffer (PH 7.0), was incubated for 30 min at 20°C ([@B24]). The reaction was quenched with 4.5 ml ice-cold 100% methanol, and proteins were removed by centrifugation. The supernatant was collected and evaporated. The dried samples were dissolved in ethanol and stored at −20°C. Ecdysteroids were analyzed by reversed-phase high performance liquid chromatography (HPLC) using a C18 Nova-Pak cartridge (4.6 × 250 mm; Waters Associates) which was performed on a Hitachi Primaide HPLC system (Hitachi, Japan) linked to a Dual λ Absorbance UV detector set at 245 nm. The mobile phase consisted of methanol-water (93:7, v/v), and the elution rate was set at 1 mL/min.

In addition, the concentration of 20E and its derivates was calculated by comparing the peak area of the analyte in the sample with the peak area of the standard of a known concentration.

Mass Spectrum {#S2.SS9}
-------------

Mass spectrometry was performed to identify the metabolites of 20E. Mass spectrometry was conducted by a Finnigan TSQ Quantum Ultra AM spectrometer (Thermo Electron Corp., San Jose, CA) equipped with an ESI source in the positive ion mode. The spray voltage was fixed at 3.0 kV and the capillary temperature at 200°C. The collision energy was fixed at 20 eV. Nitrogen was used as the sheath (20 psi) and auxiliary (8 psi) gas.

Statistical Analysis {#S2.SS10}
--------------------

All the experiments shown above were independently repeated three times. All statistical analyses in this study were performed in the statistical R package (Student's *t* test; Mann-Whitney *U* test).

Results {#S3}
=======

Ingested 20E Has No Effect on the Growth and Development of the Cotton Bollworm {#S3.SS1}
-------------------------------------------------------------------------------

To ascertain whether exogenous 20E may affect growth and development, we mixed 20E with artificial diet and fed the 1-day-old cotton bollworm larvae. Here, we utilized two different concentrations of 20E (20 μg/larva and 50 μg/larva) which are almost 15 and 36 folds higher than the top peak of 20E titer during the metamorphosis stage, respectively ([@B20]). The artificial diet containing high concentrations of 20E (up to 50 μg/larva) were applied. All the tested larvae could quickly consume the treated diet within 1 h and then were fed on a normal artificial diet. We found the high dosage of the hormone did not affect the growth and development of cotton bollworm larvae. The larvae treated with 20E gained weight and pupated at the same time as the controls, producing normal pupae with a similar weight and emerged as perfect adults ([Figures 1A,B](#F1){ref-type="fig"}). Meanwhile, we also measured some nutrition parameters to further assess the influence of the ingested 20E. Larvae treated with 20E could consume a similar amount of artificial diet to the control ([Figures 1C,D](#F1){ref-type="fig"}), and the conversion of ingested (ECI) and digested (ECD) food into the body also had no significant difference among the three tested groups ([Figures 1E,F](#F1){ref-type="fig"}). Thus, the cotton bollworm larvae has a high tolerance to the exogenous ingested 20E.

![Effects of the ingested 20E on the growth and development of the cotton bollworm larvae. **(A)** The time to pupation of the larvae reared on food treated with control or different concentrations of 20E. **(B)** The weight gain of the larvae reared on food treated with control or 20E. **(C)** The average amount of ingested food by the control or 20E treated larvae. **(D)** The digestibility of the larvae treated with control or 20E; **(E)** The efficiency of conversion of ingested food (ECI) of the larvae treated with control or 20E. **(F)** The efficiency of conversion of digested food (ECD) of the larvae treated with control or 20E. Mann--Whitney *U* test was used to do the statistic analysis.](fphys-11-00508-g001){#F1}

To examine the metabolic fate of ingested 20E in larvae of the cotton bollworm, feces was collected from larvae fed on 20E (20 μg/larva) after treatment. Three hours after treatment, compared with the control, we found three additional peaks in the feces of the 20E fed larvae. According to the elution time of the standard sample, the first additional peak (FAP, retention time: about 8 min) is 20E ([Figure 2A](#F2){ref-type="fig"}). Furthermore, we used mass spectrum to identify the second additional peak (SAP, retention time: about 15 min) and the third additional peak (TAP, retention time: about 21 min). Significant fragmentation peaks of the SAP were observed at *m/z* 745, 727, 709, 463, 445, 427, and 301. For the TAP, the main ion peaks were at *m/z* 747, 729, 711, 463, 445, 427, and 301 ([Supplementary Figure S1](#SM1){ref-type="supplementary-material"}). According to the mass spectra shown in previous analysis, the SAP and TAP are the 20E-22-oleate and 20E-22-stearate, respectively ([@B23]). In addition, the amount of the 20E and metabolites from feces of each larva is calculated. At 3 h after hormone treatment, 3.834 ± 0.145 μg 20E, 8.810 ± 0.553 μg 20E-22-oleate, and 2.875 ± 0.245 μg 20E-22-stearate were detected. This result indicated about 72.34% ingested 20E were excreted in feces in the form of 20E (19.17%) and 22-acyl esters (58.43%). Moreover, 6 h after treatment, 20E and 20E-22-stearate peaks disappeared, and only a small peak of 20E-22-oleate could be detected ([Figure 2B](#F2){ref-type="fig"}). We also detected minor amounts of 20E-22-oleate and 20E-22-stearate in the hemolymph and fat body ([Supplementary Figure S2](#SM1){ref-type="supplementary-material"}), indicating ecdysteroid 22-acyl esters can pass through the gut and store in other tissues.

![Metabolic fate of ingested 20E. **(A)** HPLC analysis of ecdysteroids extracted from the feces of larvae at 3 h after control or 20E treatment. **(B)** HPLC analysis of ecdysteroids extracted from the feces of larvae at 6 h after control or 20E treatment. Black lines represent the extraction from control treated larvae, and red lines represent the extraction from 20E treated larvae.](fphys-11-00508-g002){#F2}

Taken together, our results indicated that the high resistance to 20E is contributed to by the transformation into lipophilic ecdysteroid esters.

Transcriptomic Analysis {#S3.SS2}
-----------------------

As shown above, exogenous 20E has no effect on the normal growth and development of the *H. armigera* larva. We further examined whether 20E, an important developmental regulator, had roles of gene expression alteration at the transcriptomic level. Firstly, we identified 930 differently expressed genes (DEG) by comparing the gene expression levels between control and 20E treated larval midgut. Among them, 448 genes were significantly up-regulated by 20E, and 482 genes were decreased ([Figure 3A](#F3){ref-type="fig"}). Compared with the down-regulated genes, the functional GO terms of up-regulated genes were mainly enriched in molecular regulation and signal transduction ([Figure 3B](#F3){ref-type="fig"}). As the important steroid hormone, 20E could elicit its signal transduction and affect the expression change of several genes. In the up-regulated gene dataset, we identified 15 transcription factors. Almost half of those TFs (7/15) are known 20E response genes, such as ecdysone receptor (EcR), broad-complex, and E75 ([Supplementary Table S2](#SM1){ref-type="supplementary-material"}). Among them, hormone receptor 3 (HR3), which is considered as a central regulator in 20E-driven developmental transitions, showed the largest expressional change after 20E treatment ([@B26]). Furthermore, KEGG analysis was performed. Down regulated genes were enriched in insect hormone biosynthesis, lysosome, and metabolism ([Figure 3C](#F3){ref-type="fig"}). For the up-regulated genes, the metabolic pathway, biosynthesis of secondary metabolites, and some detoxing related cytochrome P450 were enriched in KEGG analysis, indicating the cotton bollworm may promote its detoxing system to conquer the exogenous 20E.

![Comparative transcriptome analysis of the larvae midgut after control and 20E treatment. **(A)** Volcano plot of the fold change of transcripts in 20E treated larvae midgut compared to control; Inner figure A1 represents Venn diagram between top 50 most differentially expressed genes and top 50 most highly expressed genes in 20E treatment sample; Inner figure A2 represents the TPM value of the candidate genes identified by Venn diagram; TPM means transcripts per million. **(B)** Gene ontology analysis of the differently expressed genes between control and 20E treated sample. **(C)** KEGG analysis of the differently expressed genes between control and 20E treated sample.](fphys-11-00508-g003){#F3}

In addition, the feeding test shown above indicates that 20E has no detrimental effects on the growth and nutrition conversion of the larvae. Therefore, we checked the expression of several digestive enzyme genes. The main digestive enzymes of insects are carbohydrases (β-glucosidase, α-amylase, trehalase, α-glucosidase, and β-galactosidase), lipases, and proteinases (trypsin and aminopeptidase) ([@B42]). From midgut transcriptomic data, we identified several genes ([Table 1](#T1){ref-type="table"}). Compared with control, the transcript level of most of the digestive enzyme genes were not significantly changed after 20E treatment (Log2(fold change) \> 2). This result further supports that the cotton bollworm can tolerate high concentrations of 20E without altering its digestion ability.

###### 

Identification and expression of genes encoding digestive enzymes.

  Classification   Gene ID       AVG. TPM-Control   AVG. TPM-20E   log2(fc)    FDR          Annotation
  ---------------- ------------- ------------------ -------------- ----------- ------------ --------------------------------
  Carbohydrases    MSTRG.11222   603.015            677.625        0.168293    0.175097     α-Glucosidase
                   MSTRG.1618    36.655             45.505         0.312015    0.58751      α-Glucosidase
                   MSTRG.9541    59.56              57.915         --0.04041   1            α-Glucosidase
                   MSTRG.8235    20.44              20.67          0.016143    1            α-Glucosidase
                   MSTRG.11087   558.86             387.52         --0.52822   1.29*E*−08   α-Amylase
                   MSTRG.11086   1737.805           1669.605       --0.05776   0.903124     α-Amylase
                   MSTRG.9468    2387.025           2526.855       0.082129    0.4770584    α-Amylase
                   MSTRG.9467    78.925             80.155         0.02231     1            α-Amylase
                   MSTRG.990     44.175             33.755         --0.38813   0.4591       Trehalase
                   MSTRG.2686    3.885              5.2            0.420597    1            β-Galactosidase
  Lipases          MSTRG.1592    2373.865           2119.01        --0.16385   0.0704606    Lipase
                   MSTRG.1587    32.05              30.34          --0.0791    1            Lipase
                   MSTRG.1594    29.765             4.79           --2.63552   1.82*E*−08   Lipase
  Proteinases      MSTRG.1715    22.44              11.905         --0.91451   0.089117     Tyrpsin
                   MSTRG.10422   1037.475           827.915        --0.32552   0.0006072    Aminopeptidase N
                   MSTRG.10425   1095.79            1414.215       0.36803     1.84*E*−05   Aminopeptidase N
                   MSTRG.10428   1124.28            735.375        --0.61245   4.52*E*−13   Membrane alanyl aminopeptidase
                   MSTRG.10429   788.08             619.355        --0.34758   0.0001199    Membrane alanyl aminopeptidase

Identification and Expression of Candidate Genes {#S3.SS3}
------------------------------------------------

Previous studies showed that the expression of ecdysone degradation enzymes, such as ecdysone oxidase and Cyp18a1, could be induced by ecdysteroids ([@B27]; [@B40]). Therefore, we focused on the 20E up-regulated genes from transcriptome data to identify the candidate enzymes contributing to the high ecdysteroid resistance of the cotton bollworm. Firstly, we used the Venn diagram between the top 50 most differentially expressed genes and top 50 most highly expressed genes in 20E treatment sample to filter the target genes ([Figures 3A1,A2](#F3){ref-type="fig"}). Five genes were detected in the intersection of the two datasets. Interestingly, four of five genes were annotated as enzymes including three cytochrome P450 genes (*cyp6b2, cyp18a1*, and *cyp18b1*) and a long-chain-fatty-acid--CoA ligase (Long-FACL). Among them, the function of one cytochrome P450 gene annotated as cyp6b2 is still unknown. Cyp18a1 is served as 26-hydroxylase and mediates the inactivation of the ecdysteroids ([@B34]; [@B15]). Cyp18a1 has been identified in different insects, while as its paralog gene -- cyp18b1 is only reported in *Bombyx mori* ([@B27]). To trace the evolution of cyp18 genes, we attempted to search for more cyp18 genes in other insects. As a result, cyp18a1 was widely distributed in different insects including Lepidoptera, Diptera, Coleoptera, and Hymenoptera. Interestingly, cyp18b1 was only detected in lepidopteran insects. Furthermore, phylogeny analysis showed cyp18a1 proteins from different species were clustered together, and cyp18b1 proteins formed a single clade ([Supplementary Figure S3](#SM1){ref-type="supplementary-material"}). This result indicates cyp18a1 underwent lineage specific gene duplication after the Lepidoptera-other taxa split generating its paralog-cyp18b1.

For the Long-FACL, the enzyme plays key roles in various metabolic and regulatory processes by catalyzing the formation of fatty acyl-CoA ([@B17]). More importantly, fatty acyl-CoA was reported as the co-substrates (acyl-group donor) for the ecdysteroid-22-*O*-acyltransferase activity ([@B23], [@B24]; [@B45], [@B46]). Therefore, we thought Long-FACL may take part in the ecdysteroids esterification pathway.

Ecdysteroid-22-*O*-acyltransferase belongs to the family of membrane-bound *O*-acyltransferase (MBOAT; [@B45], [@B46]; [@B24]). From the transcriptome data, only four MBOAT genes had a transcription signal, and none of them were differently expressed between control and 20E treatment ([Supplementary Table S3](#SM1){ref-type="supplementary-material"}). In addition, according to previous studies, ecdysteroid-22-*O*-acyltransferase is located on the plasma membrane of the gut epithelial cells ([@B24]). Therefore, based on the subcellular localization, transcript level, and annotation, MSTRG.8235 (Sterol *O*-acyltransferase, SATF) was considered as potential candidate of the ecdysteroid-22-*O*-acyltransferase ([Supplementary Table S3](#SM1){ref-type="supplementary-material"}).

In addition, we performed real-time PCR to confirm the RNA-seq data and surveyed the expression pattern of the genes identified above. The expression pattern of those genes by qRT-PCR was consistent with the transcriptomic changes of RNA-seq data ([Figure 4](#F4){ref-type="fig"}). In order to further examine the effect of 20E on gene expression, more time points after the hormone treatment were chosen. All genes, excluding SATF, could be quickly induced by 20E from 1 h after treatment, and reached expression peaks at 3 h after treatment. Moreover, for three cytochrome P450 genes, the induction mediated by 20E was detected in different tissues, such as head, fat body, and epidermis. However, Long-FACL was only induced in the midgut. Meanwhile, we surveyed the 5′ upstream of the Long-FACL gene and identified several 20E related cis-regulatory sites by bioinformatics prediction^[4](#footnote4){ref-type="fn"}^, such as EcR/ultraspiracle (USP), broad-complex (Br-C), and E74, further indicating it is a 20E inducible gene ([Supplementary Figure S4](#SM1){ref-type="supplementary-material"}). For SATF gene, the gene showed the constant and obvious expression in the midgut, and steroid hormone had no effect on its transcript.

![Expression pattern of the candidate genes after 20E treatment. **(A--E)** The expression of the candidate genes in cotton bollworm larvae midgut at different time points after control or 20E treatment. **(F--J)** The expression of the candidate genes in different tissues at 3 h after control or 20E treatment. \**p* value via student's *t*-test based on three replicates (\**p* \< 0.05; \*\**p* \< 0.01).](fphys-11-00508-g004){#F4}

Heterologous Expression and Enzyme Assay {#S3.SS4}
----------------------------------------

In order to examine the enzyme activity of two functional unknown enzymes (Cyp6b2 and SATF), the cotton bollworm genes were expressed in *Drosophila S2* cell. Using western blotting by Flag antibody, one specific band corresponding to the molecular masses of 55 and 60 kDa was detected in the lysis of pMT-SATF and pMT-Cyp6b2 plasmid transfected cells, respectively ([Supplementary Figure S5](#SM1){ref-type="supplementary-material"}). This result indicated that both genes were successfully expressed in *S2* cell. Thereafter, the crude enzyme solutions were used to measure their activity. As shown in the reversed-phase HPLC UV chromatograms, compared to the control (pMT plasmid transfected cell), crude enzymes from SATF transfected cell can covert 20E into its 22-oleate-acyl ester form ([Figure 5](#F5){ref-type="fig"}). It should be noted that this transformation can only be detected with the supplement of oleoyl-CoA ([Figure 5](#F5){ref-type="fig"}). These data demonstrate that SATF codes for an ecdysteroid-22-O-acyltransferase.

![Enzymic activity of recombinant Sterol O-acyltransferase, SATF proteins. **(A)** The enzyme assay of the supernatant of the control vector (pMt) infected cell with the 20E and Oleoyl-CoA. **(B)** The enzyme assay of the supernatant of the pMt-SATF infected cell with the 20E and Oleoyl-CoA. **(C)** The enzyme assay of the supernatant of the pMt-SATF infected cell with the 20E and water.](fphys-11-00508-g005){#F5}

For *cyp6b2* gene, HPLC showed a similar peak profile with control, indicating the enzyme cannot convert 20E (data not shown).

Discussion {#S4}
==========

A total of 45% of insect species feed on plants ([@B37]). Plants do not just passively tolerate when suffering from phytophagy insects, instead, they evolved some elegant mechanisms to minimize or inhibit the hazard that insects impose on them. 20-hydroxyecdysone, an essential developmental regulator in insects, is also a major phytoecdysteroids in plants. Therefore, the phytoecdysteroid is considered as defense to negatively affect herbivore growth and survival. In parallel, some insects also develop strategies to overcome the defensive system. In this study, we found that *H. armigera* is remarkably tolerate to high concentrations of ingested exogenous 20E (up to 50 μg/larva) without any adverse effects on food consumption and development. Correspondingly, midgut transcriptome analysis also showed most of the digestive enzyme genes kept the same stable expression pattern as the control. This phenomenon maybe resulted from the high efficiency to quickly transform and excrete the ingested 20E within a few hours. In *Heliothis virescens*, [@B47] also found over 70% of radioactivity was recovered in feces at 1 h after oral treatment of ^\[3\ H\]^ecdysone ([@B47]). Those results indicated some noctuid larvae have a high rate of excretion system to detoxify exogenous hormones.

The midgut is the main tissue for insects to detoxify the plant allelochemicals ([@B12]). In order to identify the candidate genes contributing to ecdysteroid tolerance of the cotton bollworm, we focused on the 20E induced genes in the midgut transcriptomic data. Several previous studies have demonstrated that some ecdysone degradation pathways, including 3-epimerization and 26-hydroxylation, also were induced by the hormone ([@B27]; [@B40]). Hence, by comparative transcriptome analysis, we found four genes encoding three cytochrome P450 enzymes (*cyp6b2, cyp18a1*, and *cyp18b1*) and one Long-FACL. Cytochrome P450 enzymes are well known for their roles in the metabolism of insecticide and plant secondary compounds ([@B16]). Cyp18a1 and Cyp18b1 serve as 26-hydroxylase to convert 20E into 20-hydroxyecdysonoic acid ([@B34]; [@B15]). However, we cannot identify their product (20-hydroxyecdysonoic acid) in the cotton bollworm feces. In *H. virescens*, [@B47] only detected trace amounts of 20-hydroxyecdysonoic acid in the feces of the larvae orally injected by 20E ([@B47]). It should be pointed out that though *Cyp18a1* and *Cyp18b1* genes were highly induced after 20E treatment, our research and previously published papers proved the majority of ingested 20E were converted into acyl-ester forms, indicating the ecdysteroid esterification pathway is the key pathway for detoxifying exogenous hormones ([@B35]; [@B47]). Hence, the function of the 26-hydroxylases needs further investigation in the future.

In the normal feeding stage of *H. virescens*, the midgut crude enzyme extract showed ecdysteroid-22-*O*-acyltransferase activity only with the supplement of fatty acyl-CoA ([@B46]; [@B24]). Those results give us two important hints: (1) the larvae midgut itself contains the acyltransferase under normal conditions and (2) the enzyme activity is fatty acyl-CoA dependent. Indeed, the SATF, which was proven as ecdysteroid-22-*O*-acyltransferase in this study, showed similar expression levels between control and 20E treatment, and the gene was mainly expressed in thr digestive system. In the *H. virescens* midgut, enzyme activity of the acyltransferase also had no change after 20E incubation ([@B46]). However, the transcript level of *Long-FACL* encoding an enzyme to produce fatty acyl-CoA is quite low in the control midgut but can be highly and quickly induced by 20E. As an important regulator, ecdysone firstly binds to the EcR/USP complex and subsequently induces several primary and late response transcription factors ([@B43]). We detected several 20E related cis-regulatory sites, such as EcR/USP, Br-C, and E74, located on the 5′ upstream of the Long-FACL gene indicating it is a 20E inducible gene in the midgut. In total, it would appear that the insect only starts to esterify exogenous ecdysteroid in the presence of acyl esters supplied by a 20E inducible enzyme Long-FACL.

[@B5] proposed that the sensitivity of insects to phytoecdysteroids is correlated to their feeding habits (monophagous insects: sensitive; oligophagous insects: semi-tolerant; polyphagous insects: tolerant) ([@B5]). Our recent results partly explain how a polyphagous insect, the cotton bollworm, utilizes esterification pathway to degrade the exogenous ecdysteroid to conquer the plant defense. However, the genes involved in this pathway are also conserved in lepidopteran insects including *B. mori*, a well-known monophagous and 20E sensitive insect ([@B22]). It is an interesting question why domesticated silkworm cannot protect themselves against 20E through the same enzymes as the cotton bollworm. In addition, ecdysteroid-22-acylesters are also found in the ovaries and eggs of some insects, and the hormone derivates are served as storage forms for embryogenesis ([@B11]; [@B44]). Thus, more studies are needed to survey the novel function of the ecdysteroid esterification pathway during insect developmental process in the future.
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